Abstract
Introduction
Lung cancer is one of the leading causes of death in the world. About 85% of all lung cancers are non-small cell lung carcinoma (NSCLC), and adenocarcinoma is the most common histologic subtype. 1 Epidermal growth factor receptor (EGFR) mutations are associated with high sensitivity to EGFR-tyrosine kinase inhibitors (TKIs), such as gefitinib, erlotinib, and afatinib. 2 Targeted therapies have significantly improved the survival rates of lung cancer patients harboring EGFR mutations. Determining the EGFR mutation status of patients is therefore crucial for the prediction of response to EGFR-TKIs and, thereby, choice of treatment regime. However, not all patients can undergo analysis for EGFR mutation status.
Although stage I NSCLC patients have a better prognosis, with five-year survival rates ranging from 40% to 90%, nearly 30-35% will relapse. 3, 4 The American Society of Pathology (CAP), the International Society for Lung Cancer Research (IASLC), and the American Society for Molecular Pathology (AMP) released a guideline for lung cancer gene testing, which recommends that patients with advanced lung cancer or those with disease recurrence or progression should be assessed for EGFR mutation status. 5 Most early stage NSCLC patients only undergo surgical resection, and while the guidelines encourage EGFR status testing in such patients, they do not directly recommend testing. Computed tomography (CT) imaging is routinely used in lung cancer. Finding specific CT features that are associated with EGFR mutation might improve treatment and care for early stage NSCLC patients who for various reasons cannot undergo genetic mutation analysis.
Previous studies that have evaluated the relationship between some CT features and EGFR genetic mutations in NSCLC [6] [7] [8] [9] [10] have mainly focused on patients with advanced adenocarcinomas (stages IIIB and IV), and only a few have investigated the correlation between CT features and EGFR mutation status in stage I or II adenocarcinoma patients. 6, 11 This might be because EGFR mutation status is not routinely analyzed in early stage lung adenocarcinoma. In this study, we retrospectively surveyed the EGFR mutation status of stage I/II lung adenocarcinoma patients with tumor lesions <3 cm. The aim of the present study was to identify the relationship between EGFR mutation status, clinical features, and CT characteristics in surgically resected lung adenocarcinomas in a cohort of Chinese patients.
Methods

Patient selection
The study population was retrospectively selected from patients who underwent surgical resection of their lung adenocarcinoma at Nanjing General Hospital between December 2010 and May 2016. All medical records were reviewed to extract the patients' clinical characteristics. Their EGFR mutation status was recorded. A total of 827 patients were identified. Patients who did not undergo EGFR mutation testing (n = 465); were pathologically diagnosed with stage III/IV lung cancer (n = 52); with a tumor >3 cm (n = 41); and who received preoperative treatment, such as radiation therapy or chemotherapy (n = 60), were excluded. Finally, the data of 209 patients was analyzed for any association between clinical characteristics and EGFR mutation status. Of the 209 patients, 171 underwent chest CT and were analyzed for an association between CT characteristics and EGFR mutation status. The study design was approved by the ethics committee of Nanjing General Hospital, who waived the need for informed consent because of the non-invasive nature of the study and patient anonymity.
Computed tomography (CT) scanning protocol and image interpretation
All evaluations were performed using a multi-slice CT scanner (Somatom Sensation 64, Siemens, Erlangen, Germany). Scanning parameters were: tube voltage 120 kVp, tube current 150-200 mA, rotation time 0.5 seconds, and 2 mm reconstruction thickness with a 1 mm reconstruction interval. Two radiologists with 15 and 20 years' experience in chest image interpretation assessed CT images using both mediastinal (width, 360 HU; level, 60 HU) and lung window settings (width, 1600 HU; level, −600 HU). The radiologists were blinded to the pathological findings. When their interpretations of the CT images differed, discussion was conducted to reach a final consensus. Each CT corresponded to a single patient, and data were recorded on an Excel spreadsheet (Microsoft Office Excel 2007, Richmond, VA, USA).
The CT descriptors that were assessed are shown in Table S1 .
Histologic evaluation and epidermal growth factor receptor (EGFR) mutation analysis
Adenocarcinoma was classified according to the 2011 IASLC/American Thoracic Society (ATS)/European Respiratory Society (ERS) classification system. DNA was extracted from five pieces of formalin-fixed, paraffinembedded tumor tissue using the QIAamp FFPE Tissue Kit (Qiagen, Valencia, CA, USA). Molecular analysis of the mutation status of EGFR exons 18, 19, 20 , and 21 was examined using the Human EGFR Gene Mutations Detection Kit (AmoyDx, Xiamen, China), which is a PCR-based amplification-refractory mutation system.
Statistical analysis
Unpaired t-tests were used to compare two continuous variables. Categorical variables were analyzed by chi-square tests, except where a small sample size (<5) required the use of Fisher's exact test. Before performing multiple logistic regression analysis, variables were selected by a stepwise method. Receiver operating characteristic (ROC) analysis was performed to determine cut-off values and to evaluate the performance of the logistic regression model. All reported P values were two-tailed, and P values <0.05 were considered statistically significant. Statistical analyses of the data was performed using SPSS version 21 (IBM Corp., Armonk, NY, USA).
Results
Patient demographics and EGFR mutation status
The demographic and pathological data of the study population are presented in Table 1 12 .807, respectively; P = 0.003). Patients with EGFR mutations were more likely to have lower serum CEA levels (3.75 AE 5.34 ng/ml) than patients with wild-type EGFR (7.39 AE 15.59 ng/ml) (P = 0.021). The cut-off value of 2.6 ng/ml for CEA level was determined by ROC analysis (Fig 1) . The group of patients with a CEA level <2.6 ng/ ml had a higher rate of EGFR mutation (OR 1.769, 95% CI 1.011, 3.096; P = 0.045). Considering tumor histology, EGFR mutations were most commonly found in papillary predominant subtypes (25/36, 69.4%, OR 5.682, 95% CI 1.741, 18.544; P = 0.014), followed by acinar (72/113, 63.7%, OR 4.390, 95% CI 1.581, 12.193) and lepidic (23/38, 60.5%, OR 3.833, 95% CI 1.215, 12.090). EGFR mutations were less frequently found in the solid predominant subtype (6/21, 28.6%). There were also no differences in stage 
EGFR mutation and CT features
Computed tomography features of the lung adenocarcinomas according to EGFR mutation status are summarized in Table 3 . No significant differences were observed in any of the studied CT features except the proportion of ground-glass opacity (GGO), which was significantly higher in tumors with EGFR mutations than in EGFR wild type. When tumors were classified according to GGO proportion, EGFR mutations were significantly more frequent in tumors with GGO categorized as 0% < GGO ≤ 50% (OR 2.346, 95% CI 1.040, 5.292; P = 0.039). EGFR mutations were significantly more frequent in tumors with any GGO (0% < GGO ≤ 50% and 50% < GGO ≤ 100%) than in solid tumors (OR 2.607, 95% CI 0.888, 7.652; P < 0.039). There was a higher frequency of EGFR mutations in upper lobes compared with lower lobes (OR 1.670, 95% CI 1.008, 2.766; P < 0.046). In multivariate logistic regression analysis, tumors with any GGO were identified as an independent predictor of EGFR mutation (OR 2.746, 95% CI 1.101, 6.849; P = 0.030) ( Table 4) . CT images of GGOs and EGFR mutations are shown in Figure 2 . (Fig 3) .
Differences in CT features between 19 deletion and L858R EGFR mutations
Patients with 19 deletion and L858R EGFR mutations had statistically similar tumor size, shape, border, thickening of the adjacent pleura, pleural retraction, vascular convergence, lymphadenopathy, degree of enhancement, presence or absence of air-bronchogram, speculated/lobulated, and cavitation/bubble-like lucency on CT scan (Table 6 ). The GGO proportion in tumors with L858R mutation was also similar to tumors with 19 deletion mutation (P = 0.866).
Discussion
Lung cancer is the leading cause of cancer death worldwide. In recent years, EGFR-TKI therapy has significantly delayed disease progression in patients with EGFR mutations and as a result, TKIs are now considered front-line therapy for patients with advanced adenocarcinoma harboring EGFR mutations. 12 Detecting EGFR mutations in lung adenocarcinomas is therefore important for determining treatment strategy. Unfortunately, EGFR mutation status cannot always be examined in patients because of inoperability, insufficient pathological material or the cost of the molecular examination. Previous studies have reported that EGFR mutations are more often observed in adenocarcinomas, particularly among female patients and in Asian populations. 13 Our study investigated the association of EGFR status with a comprehensive set of clinical characteristics and imaging features in peripheral small lung adenocarcinoma. We found a significant correlation between EGFR mutation status and papillary predominant histological subtype. Moreover, there was a significant association between never-smokers and EGFR mutation. The presence of GGO in tumors was the only significant CT feature predictive of EGFR mutation. In multivariable logistic regression analysis, the presence of GGO was closely related to EGFR mutation status.
Although EGFR mutations are frequently observed in never-smoker females with invasive adenocarcinoma with a predominant lepidic pattern, a significant percentage have also been noted in acinar and papillary variants of adenocarcinoma. [14] [15] [16] [17] [18] Few studies have reported correlations between the predominant subtype in lung adenocarcinomas and EGFR mutations. Liu et al. examined 385 surgically resected lung adenocarcinomas in Chinese patients and found that EGFR mutations occurred significantly more frequently in lepidic predominant subtypes. 10 Song et al. reported that EGFR mutations occurred significantly more frequently in micropapillary and lepidic predominant subtypes and were less common in the solid predominant subtype. 19 Villa et al. found that the lepidic predominant subtype was more common in EGFR-mutant lung cancers compared with acinar in EGFR wild-type lung cancers. 18 In a cohort of 69 surgical resection patients with stage III (N2) lung cancer, Russell et al. showed that EGFR mutations were associated with acinar and micropapillary predominant tumors. 20 Previous research has also reported Figure 1 Receiver operating characteristic curve used to predict epidermal growth factor receptor mutation status (area under the curve 0.575; 95% confidence interval 0.501, 0.646; cut-off value of 2.6 ng/ ml for carcinoembryonic antigen level; sensitivity 63.25; specificity 49.32).
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that EGFR exon 21 mutations are commonly associated with lepidic predominant adenocarcinomas and EGFR exon 20 mutations with solid histology. 14, 21 Our results indicate that EGFR mutations are associated with a higher frequency of papillary and acinar predominant subtypes, and are uncommon in the solid predominant subtype. The discrepancy in outcome between previous literature and our results regarding EGFR mutations and histologic subtypes may be related to the study sample size and the distribution of histologic type. Conflicting results may also be attributed to differences in ethnicity of the study population and the diagnostic procedures that were studied.
Several studies have explored the association between GGO on CT and EGFR-mutated lung cancer. 11, 14, [22] [23] [24] [25] [26] Glynn et al. investigated the association of imaging characteristics with EGFR and KRAS mutations in patients with lung adenocarcinoma with bronchoalveolar carcinoma (BAC) features. 23 The presence of GGO on CT scan was not significantly associated with EGFR mutation (P = 0.44). Hsu et al. explored EGFR mutation status with different image patterns in a cohort of 162 patients with stage I lung adenocarcinoma with tumor lesions <3 cm, and EGFR mutation was detected less frequently in pure GGO lesions than in lesions with a solid component, especially L858R.
11 A higher incidence of EGFR mutation occurs in invasive adenocarcinomas, such as tumors with part-solid and solid patterns. In contrast, Lee et al. reported that the percentage of the GGO component on CT scan was significantly higher in lepidic predominant adenocarcinoma, which contains a higher frequency of exon 21 missense mutations compared with exon 19 mutations. 14 Hong et al. also found that the GGO proportion in adenocarcinomas with EGFR mutation was significantly higher than in EGFR wild-type tumors, and their results showed that exon 19 deletion was the most common EGFR mutation in lepidic predominant adenocarcinomas, while no difference in GGO proportion was observed between tumors with exon 19 and 21 mutations. 24 We found that GGO was an independent predictor of EGFR mutation and that the GGO proportion was similar in L858R and 19 deletion mutations (P = 0.866) ( Table 6 ). Hsu et al. also focused on the correlation between image patterns and EGFR mutation in stage I lung adenocarcinoma, but reported that EGFR mutations were detected less frequently in pure GGO lesions than in lesions with a solid component, especially L858R. 11 Glynn et al. also reported that GGO on CT imaging was not significantly associated with the presence of EGFR mutation, and there was no characteristic CT feature that could predict EGFR mutation status. 23 An explanation for the difference between our results and previous studies may lie in the fact that small peripheral adenocarcinoma or BAC may present with a high ratio of GGO components on CT scans, and EGFR mutations are less frequently detected in atypical adenomatous hyperplasia (AAH) and BAC lesions compared with invasive adenocarcinoma. 6, 27, 28 In the new IASLC/ATS/ ERS classification guidelines, AIS and MIA were proposed as substitutes for BAC to define non-invasive adenocarcinomas. Glynn et al. used a relatively small sample and we assume that the histological type was mainly BAC. 23 Hsu et al. did not provide detailed information of the histologic subtypes of their study population, but reported that a pure GGO pattern tended to be correlated with tumors < 2 cm with less typical EGFR mutation, while AIS/MIA tend to appear radiologically as pure GGO. 11 The histological subtypes in our study population mainly consisted of invasive adenocarcinoma rather than AIS or MIA, and EGFR mutations are less frequently observed in non-invasive lesions (AIS/MIA) compared with invasive adenocarcinoma, which may lead to the different results.
Our study is different from previous publications studying the relationship between radiogenomics and lung adenocarcinomas with EGFR mutation. [8] [9] [10] [11] 23 Firstly, we focused mainly on peripheral small lung adenocarcinoma <3 cm, and most of our patients were stage I (171/209, 81.8%). Secondly, the histological subtype in our study population was invasive adenocarcinoma, which was further classified as low to intermediate (lepidic, acinar, and papillary) and high growth patterns, such as solid or micropapillary components. Therefore, our study population may present a more accurate example of histological subtypes of invasive adenocarcinomas and their imaging features, according to the new the IASLC/ATS/ERS guidelines. We evaluated 209 cases of consecutive patients with surgically resected lung adenocarcinomas and EGFR mutation who did not undergo preoperative chemotherapy intervention, which may give a more precise picture of the correlation between radiogenomics and EGFR mutation status in lung adenocarcinoma. However, there are still a number of limitations to our study. Firstly, the final study population was considerably smaller than the initial identified group because preoperative imaging for many patients was not available at our institution. Secondly, CT images were interpreted by consensus, and inter-observer variability was not assessed. Thirdly, the maximum one-dimensional diameter on CT images was used to estimate the GGO proportion rather than using a two-dimensional measurement or dedicated software for volumetric estimation of the GGO component. This measurement strategy was chosen because it is faster and easier to implement in daily clinical practice. Fourthly, we did not check for KRAS mutations, and it has been reported that EGFR-TKI therapy is unsuitable for such mutations. 29, 30 Further studies are necessary to elucidate this issue. Finally, the correlation between CT imaging and progression-free and overall survival was not addressed.
In conclusion, in stage I/II lung adenocarcinoma with tumor size <3 cm, the GGO proportion in adenocarcinomas with EGFR mutation was significantly higher than in adenocarcinomas without EGFR mutation. GGO proportion was identified as an independent predictor of positive EGFR mutation, and papillary predominant subtype has the highest EGFR mutation rate. Combined CT findings and clinical features, which include never-smoking, may be helpful for determining the presence of EGFR mutations in 
